Introduction
It is essential as well as vital to require the higher quality of the billet today. One of the major measures to raise casting efficiency and enhance the quality of billet is effective control flow behavior of molten steel in the mold. It indicates that the swirling flow in the submerged entry nozzle (SEN) has a great effect on improving the uniformity and stability of the outlet flow of nozzle, due to reducing the meniscus fluctuation and homogenizing the distributions of flow and temperature in the mold. [1] [2] [3] [4] [5] And outlet flow angle and outlet port design of swirling flow SEN for slab caster is done for further improvement of flow pattern in the mold but it cannot solve the problem-the flow impacting the wide face. 6, 7) Furthermore, the commercial test of swirling flow continuous casting is conducted, in which a refractory swirling blade was installed in SEN, in the case of slab, subsurface pinholes and sliver defects are remarkably reduced, but it is liable to cause clogging in SEN, which limits the further application. [8] [9] [10] A new method for swirling flow generation in nozzle, without the problem of clogging and easy for controlling swirling velocity has been proposed by our team in 2005. 11) In previous work, the flow and temperature fields in the mold and SEN are studied numerically when this kind of electromagnetic swirling flow in SEN.
12) However, not only the velocity was only partly measured near the meniscus and nozzle outlet in the experiments above but also both two swirling methods cause flow impacting the wide face, which is not good for flow control. Besides,
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other flow control technologies such as M-EMS, EMBR, new type SEN are effective and the flow patterns in the mold with these technologies are different. [13] [14] [15] [16] [17] [18] But these technologies cannot solve this problem either. It needs to be solved by other optimization of the swirling method. And it is difficult to measure the velocity distribution in practical continuous casting process, then model experiments using low temperature alloy or water are widely adopted until this day. [18] [19] [20] [21] [22] [23] [24] Therefore, hydromechanical model experiment for slab continuous casting is carried out to understand how to optimize the swirling technology. The swirling flow is generated by mechanical blade as Yokoya et al. in this study. [1] [2] [3] [4] [5] Meanwhile, the Ultrasonic Doppler Velocimetry (UDV) is widely used for velocity measurement in model experiment. [22] [23] [24] [25] [26] [27] [28] [29] It is adapt for both opaque and transparent flow. In the swirling case and the optimized case-turning around the nozzle outlet in reverse (TNO), the 2D average velocity distribution in the slab mold is measured by UDV and the flow behavior in the mold is investigated by tracer and camera. The study reveals the flow behavior in the new metallurgical technology-swirling process, especially the optimized method and provides the optimum parameters.
Experimental Procedure
According to the practical metallurgical process at certain Steel, a series of 1:2 hydromechanical model experiments are carried out, it includes tundish, mold, nozzle, circulating line, pump, rotor flow meter and valve. The major experimental setup (the slab mold and SEN) is shown in Fig.  1 . The swirl blade is designed as that done by Yokoya to generate the swirling flow in nozzle. [1] [2] [3] [4] [5] The inner size of the mold is 89 × 634 × 1 160 mm, the wall thickness is 10 mm, the inner diameter of the upper part above the blade is 46 mm, the outer diameter is 66 mm, the inner diameter of the under part below the blade is 27.5 mm, the outer diameter is 55 mm, the length of nozzle is 445 mm, the immersion depth is 70 mm. The swirl blade is fixed at the position 152 mm from the top edge of nozzle outlet. In the experimental process, the flow is controlled by pump, valve and stopper. According to dimensionless number Fr ( = v 2 /(gl), v is velocity, g is the gravity, l is half wide face length of the mold), the scale coefficient of velocity in model experiment is 0.707. The flow rates of water is product of velocity and cross section of the mold (89 × 634 mm) in model experiment. Then flow rates of water in model experiment and corresponding prototype casting speed is listed in Table 1 .
The video camera records flow behavior from the front view and the top view. UDV sensors is arranged (in x, y, z directions) to measure the velocity distribution in the mold (shown in Fig. 1(b) ). The velocity distribution in xz plane Table 1 . (the sensor arrangement, for velocity x component measurement, the measure points are totally fourteen; for velocity z component measurement, half of the wide face, the sensors are arranged starting 10 mm from the narrow face to the nozzle outlet. Distance between every measure point is 10 mm, and the measure points are totally thirty)
Experimental Results and Discussion
The parameters & experimental conditions and visualization results are shown in Table 2 . The flow is visible by dye tracer and is recorded from the front view and top view (shown in Figs. 2 and 3) . The SEN bottom shape (convex and concave), the casting speed(0.43-2 m/min)/flow rates of water (1.01-4.77 m 3 /h), the immersion depth (50, 70 and 100 mm) and the angle of turning around nozzle outlet for convex bottom and concave bottom nozzle (ATNO α° and β°) are considered.
The flow outlet from the nozzle forms a strong jet, the nozzle outlet is parallel to the wide face (WF) and jet directly impacts the narrow face (NF) without swirling. When it impacts NF, it forms the two flow, one goes upwards which is upwards flow, and another goes downwards which is downwards flow. At the 0.3 s, the angle between the two downwards streams from the outlet is θ (shown in Fig. 2(a) ). θ is smaller with swirling (value listed in Table 2 ). The probable reason: the jet out of nozzle becomes divergent as fan-shaped flow and direction of the flow points to the wide face, the velocity of jet along x and z direction v x and v z (vertical and horizontal) decreases with Table 2 ).
The relation between ATNO and the flow rates of water (casting speed), the immersion depth is obtained (shown in Fig. 4 ). There is corresponding ATNO for the different flow rates of water and immersion depth. ATNO (α° and β°) is proportion to the flow rates of water, and there may be a minimum value of α° and β° between the immersion depth 50 mm to 100 mm (in this paper it should be 70 mm). The relation is given by using the least square regressed empirical correlation equation. That is, the adapt angle should be obtained and used in the practical industry. 
. (2)
α° and β° is the angle of turning around nozzle outlet for convex and concave bottom respectively, F is the flow rates of water, D is the immersion depth. And the scale coefficient of velocity in model experiment for casting speed is 0.707.
The flow field of three profiles parallel to WF is obtained, 2D average velocity vector in xz plane are shown in Figs. 5-10. The swirling direction is anti-clockwise, the profile 1(Y = 25 mm) is at the upstream part, the profile 3(Y = −25 mm) is at the downstream part, the profile 2(Y = 0 mm at the middle part) is between them, and the three profiles are parallel.
The average velocity vectors in three profiles without swirling are similar shown in Fig. 5 (convex bottom) . The flow outlet from the nozzle impacts NF, then forms the two flows, one goes upwards and another goes downwardsupwards and downwards flow, which veirfies the flow visualization result.
In the case with anticlockwise swirling, the vectors in three profiles are not similar again, the profile 1 is the upstream part and velocity decreases, the profile 3 is the downstream part and velocity increases, velocity value in the profile 2 is between profile 1 and 3 shown in Fig. 6 (convex bottom). The vector at upstream part in the profile 1 changes obviously, there is no classic upwards flow and downwards flow, the vortices center of the upwards flow in Fig. 7 . The vectors in three profiles are similar again. It means that turning around the nozzle makes flow parallel to WF again, which avoids the flow impacting WF directly. It is different from the convex bottom, the upward flow decreases and fluctuation becomes bigger near the meniscus, the center of upward flow vortex is higher in concave bottom case shown in Fig. 8 .
It is similar to the convex bottom nozzle case, there is little effect of the nozzle bottom with swirling, that is, the swirling is the main reason for flow behavior shown in Fig. 9 .
There is an intresting phenomenon especially around the meniscus with swirling + TNO case shown in Fig. 10 . It is very different from the convex bottom case. The velocity near the mensicus increases and is larger than that in no swirling case and only swirling case. But no matter convex bottom and concave bottom, both swirling and swirling + TNO case, the velocity of jet along x and z direction v x and v z (vertical and horizontal) decreases with swirling, and the decrement of v z is less than v x , which verifies the flow visualization result. For better description and discussion of the flow behavior, the velocity curve at different position along Z axis is given in profile 2.
Velocity x curve in the mold from Z = 10 mm to 130 mm below the meniscus with the convex and concave bottom nozzle in profile 2 is shown in Fig. 11 .
(1) No swirling case (a) (d), 10 mm-70 mm below the meniscus, v x is obviously influenced by the nozzle bottom shape. v x is usually symmetry at 1/4 WF and v xmax occurs around 1/4 WF in the convex bottom nozzle case, and v x is very different in the concave bottom nozzle case, it is small at 10 mm below the meniscus and becomes minus at 40 and 70 mm below the meniscus from 1/4 WF and nozzle to NF, respectively; 87 mm-130 mm below the meniscus, the effect of the nozzle bottom shape becomes small, especially at 130 mm below the meniscus, v x is symmetry at 1/4 WF and both v xmax occurs at 1/4 WF.
(2) Swirling case (b) (e), there is almost no effect of nozzle bottom shape on the velocity and the leading effect of swirling on the velocity, which is also verified by Yokoya. v xmax shifts toward NF at 10 mm-40 mm below the meniscus and toward the nozzle at 104 mm-130 mm below the meniscus respectively, v x is almost equal to 70 mm and 87 mm below the meniscus; v x is smaller than that in no swirling case.
(3) Swirling + TNO case, v x is obviously different between the concave and convex nozzle bottom in upward flow area; convex bottom case, v x = 0 at 10 mm below the meniscus, at 1/4 WF, v x ≈200 at 40-70 mm below the meniscus and no obvious maximum value of v x , v x = 0 at 87-104 mm below the meniscus; concave bottom case, v x increases than that of no swirling case and swirling case, at 10-40 mm below the meniscus, v x = 0 at 70-87 mm below the meniscus, v xmax shifts toward the nozzle at 104 mm-130 mm below the meniscus, that is, upward flow increases, vortex center go down. And the effect of the nozzle bottom shape becomes small and the effect of swirling becomes large at 130 mm below the meniscus, both v xmax shift toward the nozzle. In sum, swirling decreases v x , swirling + TNO decreases v x in convex bottom near the meniscus, but increases v x in concave bottom, and the effect of bottom shape gradually disappears and the effect of swirling appears at 130 mm below disappears because the major flow is not out from the nozzle but the flow impacts the mold wall then turn to the nozzle.
The case with swirling + TNO in clockwise α° is shown the meniscus. That is, swirling + TNO case is influenced by both the swirling and the nozzle bottom shape. Velocity z curve in the mold from Z = 10 mm to 130 mm below the meniscus with the convex and concave bottom nozzle in profile 2 is shown in Fig. 12 . It is shown that v z changes in a small range, in swirling case (b) (e) and swirling + TNO case (c) (f) is smaller than that in no swirling case (a) (d). And v z becomes positive at 1/4 WF, at 130 mm below the meniscus.
Swirling effect on slag entrapment is also analyzed. Slag entrapment occurs if surface velocity is larger than the critical velocity 0.5-0.8 m/s for different steel grades. Figs. 11-12 ). Therefore,
/(gl)) near the meniscus is calculated by v xmax at 10 mm below the meniscus, then v xmax in steel is obtained to estimate if the value is smaller than the critical velocity (shown in Table 3 ). It is shown that v xmax is nearly smaller than 0.5 m/s when casting speed is 1.18 m/min; but at high casting speed 1.8-2.1 m/min, v xmax is larger than 0.5-0.8 m/s for different steel grades without swirling; and with swirling the velocity is almost less than 0.5 m/s. That is, slag entrapment does not occur with swirling technique, and some steel grades should be combined with other flow control technique to enhance surface velocity to avoid stagnation on the meniscus. And the casting speed is even 7.5 m/min in some condition, 19) only one technique cannot control the flow good enough. Besides, electromagnetic swirling technology in SEN does not only optimize the whole velocity vectors in the mold but also solves scabbing in the nozzle. Swirling in SEN is a potential method and combining other technologies is the further work in the continuous casting.
Conclusions
In this paper, the effect of swirling and turning around the nozzle outlet and nozzle bottom shape on flow behavior was analyzed and main conclusions are as follows:
(1) The relation between the angle of turning around the nozzle and the casting speed, the immersion depth for both convex and concave bottom case is obtained by ink tracer visualization experiment. The relation is given by using the least square regressed empirical correlation equation. α° and β° is the angle of turning around nozzle outlet for convex and concave bottom respectively, F is the flow rates of water, D is the immersion depth.
(2) The angle θ between flows discharged from the nozzle outlet decreases by swirling flow. It is because the jet out of nozzle becomes divergent as fan-shaped flow and direction of the flow points to the wide face, then v decreases (component of v, Δv z < Δv x ) and upward flow also decreases.
(3) The flow in the slab is optimized with swirling in SEN as well as turning around the nozzle outlet in reverse, which avoids the impinging to both wide and narrow faces of the mold at the same time and maintains the advantage by swirling. The optimized method is also influenced by the nozzle bottom shape. Upward flow and surface velocity decreases with swirling + TNO if the nozzle bottom is convex but it increases if the nozzle bottom is concave. And the effect of bottom shape gradually disappears and the effect of swirling appears at 130 mm below the meniscus. That is, swirling + TNO case is influenced by both the swirling and the nozzle bottom shape.
(4) It is shown that with swirling the surface velocity is almost less than critical value, slag entrapment does not occur. And some steel grades should be combined with other electromagnetic control technique to enhance the surface velocity to avoid the stagnation.
In sum, swirling in SEN changes the flow behavior in the mold and slag entrapment never occurs near the meniscus. Optimized swirling method has better effect. It is very important and potential for practical continuous casting using the swirling technique. 
